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Abstract

Denitrification is an important pathway for nitrogen loss in the rhizosphere, and
it remains unclear whether crop varieties and row spacing alterations affect rhi-
zosphere denitrification. This study compared differences in the abundance and
function of denitrifying microbial communities in rhizosphere soils among dif-
ferent maize varieties and planting row spacings, providing a scientific basis for
reducing rhizosphere denitrification losses and improving nitrogen use efficiency.
Through two independent field experiments and using biochemical and molecu-
lar microbiological methods, we investigated the effects of five maize varieties (
‘Jundan 20’ ‘Annong 8, ‘Zhengdan 958, ‘Pinyu 18, and ‘Longping 206’ ) and
four planting row spacings (20 cm, 30 cm, 40 cm, and 50 cm) on rhizosphere soil
denitrification capacity, denitrifier abundance, N20/(N20+N2) product ratio,
and soil respiration. The rhizosphere denitrification capacities of ‘Jundan 20’ ,
‘Annong 8 , and “Zhengdan 958 were significantly lower than those of the other
two varieties; as row spacing decreased, denitrification capacity showed a signif-
icant increasing trend. The abundance of nirS-type denitrifiers in ‘Longping
206" and ‘Pinyu 18 was significantly higher than in other varieties, whereas the
abundances of nirK- and nosZ-type bacteria were highest in ‘Jundan 20’and ‘An-
nong 8 . The abundances of nirS- and nirK-type bacteria at 20 cm row spacing
were significantly higher than in other row spacing treatments, but nosZ-type
bacterial abundance was greatest at 40 cm row spacing. Variety had a certain
effect on the N20/(N20+N2) product ratio, with ‘Annong 8 showing the lowest
ratio, but row spacing had no significant effect on the product ratio. Correla-
tion analysis indicated that denitrification capacity was extremely significantly
positively correlated with both soil respiration and nirS-type bacterial abun-
dance, but did not exhibit such relationships with nosZ- and nirK-type bacteria,
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suggesting that nirS-type bacterial abundance and differences in rhizosphere or-
ganic carbon may be the dominant factors causing variations in denitrification
capacity. Both variety and planting row spacing exert certain influences on
the maize rhizosphere denitrification process; screening, selecting, and breeding
low-denitrification-loss varieties and regulating the rhizosphere denitrification
process are effective approaches for reducing rhizosphere denitrification losses
and improving nitrogen use efficiency.

Full Text

Preamble

Effects of Row Spacing and Maize Variety on Abundance and Func-
tion of Denitrifying Bacterial Flora in Maize Rhizosphere
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WANG Chengyu'**

(1. College of Agronomy, Anhui Agricultural University, Hefei 230036, China; 2.
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Abstract: Denitrification is a key pathway of nitrogen loss in the rhizosphere,
yet it remains unclear whether changes in crop variety and row spacing affect
rhizosphere denitrification. This study compared differences in the abundance
and function of denitrifying bacterial communities among different maize va-
rieties and row spacings to provide a scientific basis for reducing rhizosphere
denitrification losses and improving nitrogen use efficiency. Using biochemical
and molecular microbiological methods in two independent field experiments,
we investigated the effects of five maize varieties ( Xundan 20° , ‘Annong 8§
‘Zhengdan 958 | ‘Pinyu 18 , and ‘TLongping 206" ) and four row spacings (20
cm, 30 cm, 40 cm, and 50 c¢cm) on rhizosphere denitrification capacity, denitrifier
abundance, N O/(N O+N ) product ratio, and soil respiration. Denitrification
capacities in the rhizospheres of ‘Xundan 20’ , ‘Annong 8 , and ‘Zhengdan 958
were significantly lower than those of the other two varieties, and denitrification
capacity showed a significant increasing trend as row spacing decreased. The
abundances of nirS-type denitrifiers in the rhizospheres of ‘Longping 206’ and
‘Pinyu 18 were significantly higher than in other varieties, whereas nirK- and
nosZ-type denitrifier abundances were highest for ‘Xundan 20’ and ‘Annong
8 . The 20 cm row spacing treatment showed significantly higher abundances
of nirS- and nirK-type denitrifiers compared to other row spacings, but nosZ-
type denitrifier abundance was greatest at 40 cm row spacing. Variety had a
certain influence on the N O/(N O+N ) product ratio, with ‘Annong 8 show-
ing the lowest ratio, but row spacing had no significant effect on the product
ratio. Correlation analysis revealed that denitrification capacity was extremely
significantly positively correlated with both soil respiration and nirS-type den-
itrifier abundance, but showed no such relationship with nosZ- or nirK-type
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denitrifiers, suggesting that differences in nirS-type denitrifier abundance and
rhizosphere organic carbon were the dominant factors causing variation in den-
itrification capacity. Both variety and planting row spacing influence maize
rhizosphere denitrification processes, and screening/breeding varieties with low
denitrification losses combined with regulation of rhizosphere denitrification pro-
cesses represent effective approaches for reducing rhizosphere nitrogen loss and
improving nitrogen use efficiency.

Keywords: Maize; Variety; Row spacing; Rhizosphere; Denitrification capac-
ity; Denitrifying bacterial flora; N O/(N O+N ) ratio

The rhizosphere serves as the central hub for plant-soil-microbe interactions
and represents the most active zone for material exchange between plants and
the soil ecosystem [1]. Regulation of rhizosphere ecological processes is key to
improving crop nutrient use efficiency. Nitrogen transformation is one of the
most critical ecological processes in the rhizosphere, closely related to both crop
nitrogen use efficiency and nitrogen-associated environmental pollution. During
nitrogen transformation, the denitrification process reduces plant-available NO
to gaseous products such as N O, NO, and N that are difficult for plants to uti-
lize, directly causing nitrogen loss from the rhizosphere. Furthermore, N O and
NO are major trace gases in the atmosphere that play important roles in global
warming and ozone layer depletion [2,3]. Therefore, in-depth investigation of rhi-
zosphere soil denitrification processes is of great significance for improving crop
nitrogen use efficiency, reducing trace gas emissions, and promoting low-carbon
agriculture.

Denitrification processes are primarily driven by denitrifying bacterial commu-
nities and are regulated by factors such as soil NO concentration, pH, organic
carbon content, and salinity [4,5]. During crop growth, roots influence rhizo-
sphere denitrification by absorbing NO and alkaline ions or releasing organic
carbon, thereby altering rhizosphere soil NO concentration, pH, salinity, and
organic carbon content. For example, crops can release approximately 17% of
total photosynthates through their roots during their lifespan, providing an im-
portant energy source for rhizosphere denitrifiers [6]. In some soils with high
NO content, rhizosphere denitrification rates can be 22 times higher than in
bulk soil [7]. Different plant species exhibit differences in nutrient uptake and
organic carbon secretion, which should result in different rhizosphere denitrifi-
cation characteristics. Previous studies have found that different plant species
significantly affect the community structure of nirK-type denitrifiers in the rhi-
zosphere [8]. Similarly, different genotypes of the same crop also show variations
in the quantity and quality of nutrient uptake and organic carbon secretion [9-
11], but whether these differences affect denitrifier communities and their func-
tions remains unclear. In addition to variety selection, adjusting row spacing
to optimize plant population density is an effective measure for crop yield im-
provement that is widely applied in agricultural production. Different planting
row spacings significantly affect crop root nutrient uptake and organic matter
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release [12,13], but the impact of row spacing on rhizosphere denitrification is
also unclear.

Through two independent field plot experiments, this study compared differ-
ences in the abundances of nirS-, nirK-, and nosZ-type denitrifiers in rhizosphere
soil among different maize varieties and planting row spacings. Combined with
measurements of denitrification capacity and N O/(N O+N ) product ratios, we
aimed to clarify the functional changes in denitrification and provide a scientific
basis for understanding differences in rhizosphere denitrification characteristics
among varieties and row spacings, reducing rhizosphere nitrogen loss, and im-
proving crop nitrogen use efficiency.

1.1 Experimental Site Description

This study included two experimental sites: Funan and Hefei. The Funan site
was located at the experimental farm of Funan County Agricultural Science Re-
search Institute in Anhui Province (32°66 N, 115°59 E). The region has an aver-
age annual temperature of 15 °C and annual precipitation of 900 mm. The soil
type is lime concretion black soil. Before the experiment, the surface soil (0-20
cm) contained 1.53 mg - kg ! total nitrogen, 83.2 mg - kg ! alkaline-hydrolyzable
nitrogen, 56.5 mg -+ kg ! available phosphorus, 78.7 mg- kg ! available potas-
sium, and 16.8 g+ kg ! organic matter [14]. The Hefei site was located at the
Nongcuiyuan Experimental Base of Anhui Agricultural University in Hefei City,
Anhui Province (31°87 N, 117°25 E). This region has an average annual temper-
ature of 15.7 °C and annual precipitation of nearly 1000 mm. The soil type is
yellow-cinnamon soil. Before maize planting, the 0-20 cm soil layer contained
14.5 g - kg ! organic matter, 1.21 mg - kg ! total nitrogen, 76.4 mg - kg ! alkaline-
hydrolyzable nitrogen, 32.4 mg - kg ! available phosphorus, and 84.6 mg - kg !
available potassium.

1.2 Experimental Design and Sample Collection

Experiment 1 was a maize variety comparison trial conducted at the Funan
site, while Experiment 2 examined different planting row spacings at the Hefei
site. Both experiments employed a completely randomized design with three
replicates per treatment. In Experiment 1, each plot covered 28 m? (4 m x 7
m). The tested maize varieties included ‘Xundan 20’ (XD), ‘Annong 8 (AN),
‘Zhengdan 958 (ZD), ‘Pinyu 18 (PY), and ‘Longping 206’ (LP). Sowing occurred
on June 10, 2013, with a planting density of 60,000 plants - hm 2 and nitrogen
application of 240 kg(N) - hm 2. The basal-to-topdressing ratio was 5:5, with
topdressing applied at the large trumpet stage. Phosphorus and potassium fer-
tilizers were applied at 105 kg(P O ) - hm 2 and 105 kg(K O) - hm 2, respectively,
all as basal fertilizers. Additional experimental details can be found in reference
[14].

In Experiment 2, the maize variety was “Zhengdan 958 . Each plot covered 8
m? (2 m X 4 m) with four row spacing treatments of 20 cm, 30 cm, 40 cm, and
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50 cm, all with a plant spacing of 30 cm. Sowing occurred on June 16, 2013,
with nitrogen application of 220 kg(N) - hm 2. The basal-to-topdressing ratio
was 5:5, with topdressing applied at the large trumpet stage. Phosphorus and
potassium fertilizers were applied at 120 kg(P O ) -hm 2 and 110 kg(K O) - hm 2,
respectively, all as basal fertilizers.

At the maize flowering stage, sampling points were randomly selected in each
plot. Maize roots were excavated and rhizosphere soil was collected using the
shake-root separation method to obtain soil adhering to roots. Bulk soil was
collected from between rows using a 5 cm diameter soil auger [15]. Samples
were placed in plastic bags, stored in a cooler with ice packs, transported to
the laboratory, passed through a 2 mm sieve, and divided into two portions.
One portion was stored at -20 °C for molecular quantification of denitrification
functional genes, while the other was stored at 4 °C for incubation experiments
and analysis of soil physicochemical properties.

1.3 Soil Microbial DNA Extraction and Functional Gene Quantitative
PCR

Total soil microbial DNA was extracted from 0.5 g soil samples using a soil DNA
extraction kit (Fast DNA SPIN Kit for Soil, Q-BIO gene, USA) following the
manufacturer’ s instructions, with a total elution volume of 80 L. The eluent
was stored at -20 °C. Three primer pairs were used to amplify denitrification
functional genes nirS, nirK, and nosZ: nirScd3aF /nirSR3cd, nirK1F /nirK5R,
and nosZ1F /nosZ1R [16-18]. The 50 L reaction system contained 25 L SYBR
Premix Ex Taq (TaKaRa, Japan), 1 L of each primer (10 mol-L1'), 1 L
DNA template, and sterile high-purity water to volume. The nirS amplification
program was: 95 °C for 2 min; 35 cycles of 95 °C for 30 s, 58 °C for 45 s, and 72
°C for 45 s. The nirK PCR program was: 94 °C for 3 min; 35 cycles of 94 °C for
45 s, 55 °C for 45 s, and 72 °C for 1 min. The nosZ PCR program was: 95 °C for
3 min; 35 cycles of 94 °C for 20 s, 59 °C for 20 s, and 72 °C for 30 s. Quantitative
PCR was performed on an Mx3000P real-time PCR system (Stratagene, USA).
Plasmid and standard curve preparation followed the method of Wang Xiaohui
[19].

1.4 Measurement of Denitrification Capacity (DC), N O/(N O+N)
Ratio, and Soil Respiration

Denitrification capacity was measured according to the standard method of
Simek [20]. Two sets of 10 g fresh rhizosphere soil from each plot were placed in
120 mL incubation bottles. Four milliliters of 10 mmol -+ L ' KNO solution was
added to each bottle, which was then sealed and flushed four times with helium
gas. Acetylene (10 mL) was injected into one set of bottles, while the other set
received no acetylene. For bottles receiving acetylene, a syringe containing a
small amount of water without a plunger was inserted through the stopper to
balance internal pressure. After 24 h and 48 h, 5 mL gas samples were with-
drawn from both sets for measurement of N O and CO concentrations by gas
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chromatography (Agilent GC-7890A, USA). To prevent pressure reduction, an
equivalent volume of helium was added to maintain pressure balance. Deni-
trification capacity, N O/(N O+N ) ratio, and soil respiration were calculated
based on the rate of change in N O and CO concentrations between 24 h and
48 h [20,21]. The N O gas change rate in acetylene-amended bottles represented
denitrification capacity, indicating the total production rate of N O+N , while
N O gas change in bottles without acetylene represented the N O emission rate
from denitrification.

1.5 Measurement of Soil pH, Inorganic Nitrogen, Electrical Conduc-
tivity, and Water Content

Soil inorganic nitrogen (NH -N and NO -N) was extracted with 1.0 mol-L !
KCl and measured using a flow analyzer (TRAACS2000, Hamburg, Germany).
Electrical conductivity and soil pH were measured with a conductivity meter
and pH meter (Leici, Shanghai) at a soil-to-water ratio of 5:1. Soil water content
(%) was calculated as soil water mass divided by oven-dried soil mass multiplied
by 100%.

1.6 Data Statistical Analysis

Data were analyzed using SPSS 19 software for one-way ANOVA and correlation
analysis. Values in figures represent treatment means + standard deviation.
Figures were created using Microsoft Excel 2007.

2.1 Effects of Maize Variety and Row Spacing on Rhizosphere Soil
Chemical Properties

As shown in Table 1 , distinct differences existed in basic chemical properties
among rhizosphere soils of different maize varieties. The rhizosphere soil pH
of ‘Longping 206" was significantly lower than other varieties. Nitrate nitrogen
content was highest in ‘Longping 206" and lowest in ‘Xundan 20’ , whereas
ammonium nitrogen content showed the opposite pattern. Electrical conductiv-
ity was highest in ‘Annong 8 and ‘Pinyu 18 , intermediate in ‘Zhengdan 958’
and ‘Longping 206° , and lowest in ‘Xundan 20’ . Water content also varied
among varieties, with ‘Xundan 20’ and ‘Longping 206’ significantly higher than
‘Annong 8 and ‘Pinyu 18 .

Planting row spacing also significantly affected soil chemical properties. As row
spacing decreased, rhizosphere soil pH significantly declined, reaching 5.55 at
20 cm row spacing—nearly one unit lower than bulk soil. For inorganic nitrogen,
the 50 cm row spacing treatment was significantly lower than other treatments.
Soil electrical conductivity was highest at 40 cm row spacing. Additionally,
both variety and row spacing experiments showed that rhizosphere soil pH at
the maize flowering stage was significantly lower than surrounding bulk soil.
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2.2 Effects of Maize Variety and Row Spacing on Rhizosphere Deni-
trifier Abundance

Figure 1 [Figure 1: see original paper]A shows that nirS-type denitrifier abun-
dances in the rhizospheres of ‘Pinyu 18’ and ‘Longping 206° were significantly
higher than in the other three maize varieties. For nirK- and nosZ-type denitri-
fiers, ‘Xundan 20’ and ‘Annong 8 showed significantly higher abundances than
the other three varieties (Figure 1). Furthermore, the nosZ/(nirS+nirK) ratio
in ‘Xundan 20’ , ‘Annong 8 , and “Zhengdan 958 was significantly higher
than in ‘Pinyu 18 and ‘Longping 206’ (Figure 1B).

Row spacing also significantly affected denitrifier communities. As shown in
Figure 2 [Figure 2: see original paper]A, the 20 cm row spacing treatment ex-
hibited significantly higher abundances of nirS- and nirK-type denitrifiers in
rhizosphere soil compared to the other three row spacing treatments. For nosZ-
type denitrifiers, abundance was highest at 40 cm row spacing, with no signifi-
cant differences among other treatments (Figure 2B). Unlike variety effects, row
spacing had minimal impact on the nosZ/(nirS+nirK) ratio, with no significant
differences among treatments (Figure 2B).

Comparison of rhizosphere and bulk soils across both experiments revealed
that nirS-type denitrifier abundance was significantly higher in rhizosphere soil,
whereas nirK- and nosZ-type denitrifier abundances were not consistently higher
in rhizosphere soil (Figures 1 and 2). In both experiments, nirS-type denitrifier
abundance in rhizosphere soil was at least two orders of magnitude higher than
nirK-type abundance (Figures 1 and 2).

2.3 Effects of Maize Variety and Row Spacing on Rhizosphere Deni-
trification Capacity, N O/(N O+N ) Ratio, and Soil Respiration

As shown in Figure 3 [Figure 3: see original paper|A, rhizosphere soil denitri-
fication capacity in ‘Longping 206’ and ‘Pinyu 18 was significantly higher
than in the other three varieties. Both the N O/(N O+N ) product ratio and
rhizosphere soil respiration in ‘Annong 8 were significantly lower than other
varieties (Figure 3). In addition to variety effects, row spacing significantly in-
fluenced denitrification capacity and soil respiration. Denitrification capacity
showed a significant increasing trend as row spacing decreased, with the highest
value at 20 cm spacing (Figure 4 [Figure 4: see original paper]A). Soil respira-
tion at 20 cm row spacing was also significantly higher than in treatments with
wider spacing. Unlike variety effects, row spacing had no significant influence
on the N O/(N O+N ) product ratio. In both experiments, rhizosphere soil den-
itrification capacity and soil respiration were significantly higher than in bulk
soil.
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2.4 Correlation Analysis Among Measured Variables in Variety and
Row Spacing Experiments

In both experiments, denitrification capacity was extremely significantly posi-
tively correlated with soil respiration (r = 0.889 and 0.866, P < 0.01) and ex-
tremely significantly negatively correlated with soil pH (r = -0.726 and -0.918,
P < 0.001). Soil respiration also showed an extremely significant negative corre-
lation with soil pH. Additionally, denitrification capacity was extremely signifi-
cantly positively correlated with nirS-type denitrifier abundance (r = 0.850 and
0.795, P < 0.01). In the variety comparison experiment, denitrification capacity
was extremely significantly negatively correlated with nirK-type denitrifier abun-
dance, but this correlation was not significant in the row spacing experiment (Ta-
bles 2 and 3 ). In both experiments, denitrification capacity was not correlated
with nosZ-type denitrifier abundance. Regarding the N O/(N O+N ) product
ratio, it was extremely significantly negatively correlated with nosZ/(nirK+nirS)
in the variety comparison experiment (r = -0.701, P = 0.001), but not corre-
lated with nosZ-type denitrifier abundance. In the row spacing experiment, the
product ratio was not correlated with either nosZ/(nirK+nirS) or nosZ-type
denitrifier abundance.

Rhizosphere soil denitrification processes are closely related to rhizosphere nitro-
gen loss and crop nitrogen use efficiency [22]. This study investigated the effects
of variety and planting row spacing on rhizosphere denitrification processes. The
results demonstrated significant differences in rhizosphere soil denitrification ca-
pacity among maize varieties. ‘Xundan 20’ , ‘Annong 8 , and ‘Zhengdan 958’
showed significantly lower rhizosphere soil denitrification capacity than ‘Long-
ping 206" and ‘Pinyu 18 | indicating relatively less rhizosphere nitrogen loss
through denitrification in the first three varieties. Current approaches for im-
proving crop nitrogen use efficiency primarily focus on precision fertilization
[23] and breeding varieties with high nitrogen uptake capacity [24], with little
consideration given to rhizosphere nitrogen loss, particularly through denitrifica-
tion. In reality, reducing rhizosphere nitrogen denitrification loss may represent
another important pathway for improving crop nitrogen use efficiency. Future
research should emphasize the regulation of rhizosphere soil denitrification pro-
cesses and the application of low-denitrification-loss varieties.

Among current crop cultivation practices, “increasing density while reducing
nitrogen” is an important strategy for improving nitrogen use efficiency and
reducing negative environmental effects of nitrogen fertilizer [25]. For exam-
ple, Al-Naggar et al. [26] found that for some density-tolerant maize varieties,
when planting density increased from 71,400 to 95,200 plants per hectare, ni-
trogen application could be reduced from 570 to 285 kg N per hectare while
maintaining similar yields. However, this study showed that as planting row
spacing decreased (i.e., planting density increased), maize rhizosphere soil den-
itrification capacity continuously increased. This suggests that increasing crop
density should be controlled within certain limits. If a critical density threshold
is exceeded, rhizosphere nitrogen denitrification loss may increase substantially,
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necessitating higher nitrogen inputs to achieve high yields. Under such condi-
tions, the effectiveness of the “increase density, reduce nitrogen” strategy would
be greatly diminished, making it difficult to achieve nitrogen reduction goals.
Boomsma et al. [27] demonstrated that when planting density increased from
79,000 to 104,000 plants per hectare, nitrogen input actually needed to increase
by 165 kg N to achieve the same yield.

Among the measured indicators, rhizosphere denitrification capacity was ex-
tremely significantly positively correlated with soil respiration in both experi-
ments. Soil respiration represents soil organic carbon mineralization [20] and
reflects the amount of microbially available organic carbon in soil [28]. We
therefore hypothesize that the effects of maize variety and planting row spacing
on rhizosphere soil denitrification processes are largely caused by differences in
rhizosphere organic carbon secretion. Organic acids are important components
of rhizosphere exudates, and their secretion is significantly negatively correlated
with rhizosphere soil pH [29]. This study also found an extremely significant
negative correlation between rhizosphere soil pH and soil respiration. Thus,
significant differences in rhizosphere soil pH observed in both variety and row
spacing experiments provide some evidence for variation in rhizosphere organic
carbon secretion. Denitrifying bacteria are mainly heterotrophic microorgan-
isms that use organic carbon as an energy source. Differences in rhizosphere or-
ganic carbon supply will consequently affect denitrification capacity. Therefore,
in future scientific practice, controlling rhizosphere soil nitrogen denitrification
loss should first focus on regulating plant root organic matter secretion.

In addition to environmental factors, denitrifier communities directly participate
in rhizosphere denitrification processes, and changes in their abundance may also
affect denitrification capacity. This study showed that different maize varieties
and planting row spacings affected nosZ-, nirS-, and nirK-type denitrifiers, but
their abundances showed different relationships with soil denitrification capacity.
In both experiments, nosZ-type denitrifier abundance was not significantly cor-
related with denitrification capacity, whereas nirS-type denitrifier abundance
was extremely significantly positively correlated with denitrification capacity.
nirK-type denitrifier abundance was negatively correlated with denitrification
capacity in the variety experiment, but this correlation was not significant in the
row spacing experiment. Research indicates that nosZ-type bacteria participate
in the terminal reduction of N O and are more related to the N O/(N O+N )
product ratio than to denitrification capacity [30]. Both nirS- and nirK-type
denitrifiers participate in the second step of denitrification (NO reduction), and
their different relationships with denitrification capacity may reflect distinct eco-
logical niches. Both experiments showed that nirS-type denitrifier abundance
in maize rhizosphere soil was at least two orders of magnitude higher than nirK-
type abundance, indicating that nirS-type bacteria play an absolutely dominant
role in NO reduction in maize rhizosphere, while intense competition from
nirS bacteria results in poor or even negative correlations between nirK-type
abundance and rhizosphere denitrification capacity. The weak competitive abil-
ity of nirK-type bacteria in rhizosphere soil may be influenced by two main
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factors. First, compared to nirS-type denitrifiers, nirK-type bacteria are more
strongly affected by pH reduction [31]. This study showed that rhizosphere soil
pH was significantly lower than bulk soil, with some treatments decreasing by
nearly one unit. Additionally, nirS-type denitrifiers prefer environments with
higher organic carbon and nutrient contents compared to nirK-type bacteria,
and rhizosphere soil precisely exhibits these characteristics [32].

In addition to denitrification capacity, the N O/(N O+N ) product ratio has
attracted considerable attention due to its close relationship with trace gas N O
emissions. The N O reductase encoded by the nosZ gene is considered the only
biological sink for N O, so nosZ-type denitrifier abundance is generally thought
to be strongly negatively correlated with the N O/(N O+N ) product ratio [33].
However, results from both experiments in this study showed no significant
correlation between nosZ abundance and the N O/(N O+N ) product ratio. Re-
cent studies [34,35] suggest that compared to absolute nosZ abundance, the
nosZ/(nirS+nirK) abundance ratio is more comparable to the N O/(N O+N )
product ratio because the nosZ/(nirS+nirK) ratio considers both N O reduction
and production, better reflecting the “source-sink balance” of N O. In the variety
experiment of this study, the nosZ/(nirS+nirK) ratio was extremely significantly
negatively correlated with the N O/(N O+N ) product ratio, but this correla-
tion was not significant in the row spacing experiment. This discrepancy may be
primarily related to large differences in the nosZ/(nirS+nirK) ratio between the
two experiments. In the variety comparison experiment, the nosZ/(nirS+nirK)
ratio ranged from 4.3% to 35.2%, with nosZ-type bacteria occupying a certain
proportion of the denitrifier community and playing a notable role. In contrast,
the row spacing comparison experiment showed a nosZ/(nirS+nirK) ratio of only
0.4% to 1.3%, with nosZ-type bacteria representing too small a proportion of
the denitrifier population to exert substantial effects, making the relationship
with the N O/(N O+N ) product ratio susceptible to interference from other
factors.

Both variety and planting row spacing significantly affect maize rhizosphere soil
denitrification processes. ‘Xundan 20’ , ‘Annong 8 , and “Zhengdan 958
showed significantly lower rhizosphere denitrification capacity than the other
two varieties. Denitrification capacity increased significantly as row spacing de-
creased. Differences in rhizosphere soil organic carbon content and nirS-type
denitrifier abundance were the dominant factors causing changes in denitrifica-
tion processes. Variety had some influence on the denitrification N O/(N O+N )
product ratio, but row spacing had no significant effect. In future maize variety
breeding and high-efficiency cultivation management, screening and breeding
varieties with low rhizosphere denitrification loss combined with regulation of
rhizosphere soil denitrification processes represent new and effective approaches
for reducing rhizosphere nitrogen denitrification loss, decreasing trace gas emis-
sions, and improving nitrogen use efficiency.
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